The aim of the study was to evaluate the impact of 2 isoenergetic growing diets with different CP (17 vs. 23%) on the performance and breast meat quality of 2 lines of chicken divergently selected for abdominal fatness [i.e., fat and lean (LL) lines]. Growth performance, breast and abdominal fat yields, breast meat quality parameters (pH, color, drip loss), and muscle glycogen storage at death were measured. Increased dietary CP resulted in increased BW, increased breast meat yield, and reduced abdominal fatness at slaughter regardless of genotype (P < 0.001). By contrast, dietary CP affected glycogen storage and the related meat quality parameters only in the LL chickens. Giving LL chickens the low-CP diet led to reduced concentration of muscle glycogen (P < 0.01), and as a result, breast meat with a higher (P < 0.001) ultimate pH, decreased (P < 0.001) lightness, and reduced (P < 0.001) drip loss during storage. The decreased muscle glycogen content observed in LL receiving the low-CP diet compared with the high-CP diet occurred concomitantly with greater phosphorylation amount for the α-catalytic subunit of adenosine monophosphate-activated protein kinase and glycogen synthase. This was consistent with the reduced muscle glycogen content observed in LL fed the low-CP diet because adenosine monophosphate-activated protein kinase inhibits glycogen synthesis through its action on glycogen synthase. Our results demonstrated that nutrition is an effective means of modulating breast meat properties in the chicken. The results also highlighted the need to take into account interaction with the genetic background of the animal to select nutritional strategies to improve meat quality traits in poultry.
INTRODUCTION
Controlling the postmortem decrease in pH in the muscle is crucial to improving the functional properties of poultry meat. Glycogen content in chicken breast muscle at death constitutes one of the main factors of variation in the ultimate pH of meat (pHu), which in turn affects several breast meat properties including water-holding capacity, color, and firmness (Berri et al., 2005 (Berri et al., , 2007 Ylä-Ajos et al., 2007) . There is considerable evidence that muscle glycogen, pH, and related meat quality traits are under both genetic (Le BihanDuval et al., 2001 and nutritional Yalçin et al., 2010) controls. These traits may be related to body composition because chickens selected for breast development and leanness are characterized by higher pHu in breast meat Sibut et al., 2008) . The aim of the study presented here was to evaluate the impact of dietary CP on growth, body composition, and breast meat quality in 2 experimental lines of chickens divergently selected for abdominal fatness [i.e., fat (FL) and lean (LL) lines]. Compared with LL, FL chickens exhibit 2 to 3 times more abdominal fat and a greater amount of muscle glycogen, resulting in breast meat with low pHu, as well as increased drip loss and pale color (Sibut et al., 2008 (Sibut et al., , 2011 . To investigate the molecular mechanisms controlling variations in muscle glycogen, the phosphorylation levels of adenosine monophosphate (AMP)-activated protein kinase (AMPK), glycogen synthase kinase 3 (GSK3), and their downstream metabolic target, glycogen synthase (GYS), were explored. The effects of genotype and dietary CP were also evaluated on the mammalian target of rapamycin (mTOR), p70 ribosomal S6 kinase (p70S6K), and its target ribosomal protein S6 (S6), whose activation by insulin or AA promotes protein synthesis in chicken muscle (Tesseraud et al., 2007 (Tesseraud et al., , 2009 ).
MATERIALS AND METHODS
All experiments were carried out with due regard to legislation governing the ethical treatment of animals, and investigators were certified by the French government to conduct animal experiments.
Chemicals and Antibodies
Nitrocellulose membrane, pre-made polyacrylamide solution, SDS, and protein standards were purchased from Bio-Rad Laboratories (Hercules, CA). The BSA (fraction V, RIA grade) was obtained from Sigma Chemical Company (St. Louis, MO). Anti-phosphoThr172-AMPKα, anti-phospho-Ser641-GYS, antiphospho-Ser21/9-GSK3α/β, anti-phospho-Ser2448-mTOR, anti-mTOR, anti-phospho-Thr389-p70S6K, anti-phospho-Thr421-Ser424-p70S6K, anti-phosphoSer235/236-S6, and anti-S6 antibodies were obtained from Cell Signaling Technology (Beverly, MA), and anti-AMPK subunit α1 antibody was purchased from Upstate Biotechnology Inc. (Lake Placid, NY). Antivinculin used as loading control for all Western blots was obtained from Sigma Chemical Company. Alexa Fluor secondary antibodies were obtained from Molecular Probes (Invitrogen, Carlsbad, CA).
Birds and Experimental Design
The chickens originated from the FL and LL lines that were divergently selected for high and low abdominal fatness at 9 wk of age (Leclercq et al., 1980) . A total of 608 male and female chickens (304 from each line) were reared in a conventional poultry house at the INRA experimental poultry unit (UE1295 PEAT, Nouzilly, France). At hatching, chicks were allocated into 4 groups (2 by diet), each containing 152 individuals (76 by line and by sex). All birds were given ad libitum access to water and diet and received the same starter feed until 3 wk of age (Table 1) . Each group then received experimental isoenergetic diets from 3 to 9 wk varying in CP level: the CP− diet containing 17% and the CP+ diet containing 23% (Table 1) . Chickens were individually weighed at 3, 6, and 9 wk of age. Feed intake was monitored by diet after 3, 6, and 9 wk. At 9 wk, after 7 h of feed withdrawal, 496 birds (chosen at random) were weighed, slaughtered, and the carcass processed as described in Berri et al. (2007) . Muscle tissues were collected 15 min postmortem from 36 birds by treatment (chosen at random) for glycolytic potential (GP) measurement and protein solubilization, then immediately frozen in liquid nitrogen and stored at −80°C until analysis.
Carcass, Muscle, and Meat Characteristics
All carcasses were processed 1 d after slaughter. Abdominal fat and breast muscles [pectoralis minor and pectoralis major (P. major)] were removed and weighed, and their respective yields were calculated and expressed as a percentage of BW at slaughter. The GP of P. major muscle was measured according to Dalrymple and Hamm (1973) and calculated according to Monin and Sellier (1985) . All muscle and meat quality parameters were measured as described in Berri et al. (2007) . The pH of P. major muscle was recorded 15 min (pH15) and 24 h postmortem (pHu), and meat quality evaluation was performed by measuring the color parameters for lightness (L*), redness (a*), and yellowness (b*) 24 h postmortem and by evaluating drip loss after a 4-d storage at 2°C.
Western Blotting Analysis
Western blot analyses were performed on a subset of P. major samples from 18 male birds chosen at random from 3 of the 4 treatments [FL fed the low CP diet (FL/CP−) and LL fed either the low-(LL/CP−) or the high-CP (LL/CP+) diet, n = 6 per treatment]. The FL chickens fed the FL/CP+ diet were not included in the comparison because of the lack of effect of the CP on GP and related meat quality traits (pHu, L*, drip loss) in this line. The FL/CP− was selected instead of the FL/CP+ to assess the line effect observed for GP and related traits when birds were fed the CP− diet. Muscle lysates were prepared as described previously (Duchêne et al., 2008a,b) . Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad). Muscle lysates (90 µg of protein) were subjected to SDS-PAGE under reducing conditions on 10 or 7.5% (only for mTOR) gels. Separated proteins were transferred to nitrocellulose membranes then were blocked for 1 h in 5% nonfat dry milk or 5% BSA (only for mTOR) diluted in Tris-buffer saline with 0.1% Tween-20 (TBS/T; Sigma). After three 5-min washes by TBS/T, membranes were incubated overnight with primary antibodies diluted at 1:1,000 in TBS/T with 5% nonfat dry milk or 5% BSA (only for mTOR). On completion of incubation of the primary antibody, each membrane was washed 3 times for 5 min with TBS/T. Membranes were then incubated with an Alexa Fluor secondary antibody (Molecular Probes, Interchim, Montluçon, France) diluted at 1:2,000 in Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE) for 1 h with gentle agitation. After three 5-min washes, bands were visualized by infrared fluorescence by the Odyssey Imaging System (LI-COR) and quantified by Odyssey infrared imaging system software (Application software, version 1.2). For each antibody, 6 samples by treatment (n = 18) were run on 2 separate gels, 3 samples of each treatment being present on each blot to avoid a technical bias effect.
Statistical Analysis
All data were analyzed using SAS (SAS Inst. Inc., Cary, NC). The accepted type I error was 5%. The effects of line, diet, sex, and their possible interactions were analyzed in relation to BW, carcass yield, muscle, and meat characteristics by 3-way ANOVA (GLM procedure), and the effects of treatment (line × diet) in relation to protein assays were analyzed by 1-way ANOVA (GLM procedure). Comparisons of means for each significant effect were performed by StudentNewmann-Keuls's test using the SNK statement of the GLM procedure. Pearson correlation coefficients were analyzed with the CORR procedure to assess the relationship between muscle and meat traits. Values are expressed as means.
RESULTS

Growth Performance, Carcass, and P. Major Muscle Characteristics
The main effects of and interactions between line, diet, and sex on carcass and P. major muscle traits are presented in Table 2 . Body weight and yields were affected by line (P < 0.001), diet (P < 0.001), and sex (P < 0.001). There was an interaction between diet and sex (P < 0.05) for BW, the effect of the diet (P < 0.001) being slightly more pronounced in males. At slaughter, FL chickens were heavier (P < 0.001) and exhibited reduced (P < 0.001) breast meat yield and greater (P < 0.001) abdominal fat yield compared with LL chickens. Males were heavier (P < 0.001) and exhibited less (P < 0.001) abdominal fatness but similar breast meat yield compared with females. Chickens fed the CP+ diet exhibited heavier (P < 0.001) BW at slaughter, with slightly greater (P < 0.001) breast meat yield and decreased (P < 0.001) abdominal fat yield compared with chickens fed the CP− diet ( Table  2 ). The P. major pH15, an indicator of postmortem pH decline, was not affected by any of the effects (genotype, diet, sex). Significant interactions between line and diet (P < 0.001) were found for GP, which is affected by diet only in LL (Table 3) . In this genotype, greater (P < 0.01) GP was found in P. major muscle in chickens fed the CP+ diet than in chickens fed the CP− diet. The GP of the P. major muscle was negatively correlated with meat pHu, which in turn was negatively correlated with meat lightness (L*) and drip loss in both chicken lines (Table 4) . As a consequence, lower pHu, lighter (increased L*) and less red (decreased a*) color, as well as greater drip loss were found (P < 0.001) in P. major muscle in LL fed the CP+ diet than those fed the CP− diet. In the F line, redness was also reduced (P < 0.001) in chickens fed the CP+ diet compared with those fed the CP− diet. Meat yellowness was affected by the sex, genotype, and diet (P < 0.001). Breast meat was more yellow in females than in males, in LL than in FL, and with the CP− than with the CP+ diet. Sex also significantly affected (P < 0.01) muscle GP, as well as all related meat traits. Females that exhibited greater (P < 0.01) muscle GP were also characterized by breast meat with lower (P < 0.001) pHu, lighter (P < 0.001) color, and greater (P < 0.001) drip loss than males.
Molecular Mechanisms Involved in P. Major Muscle Metabolism
The expression and phosphorylation level of proteins involved in glycogen and protein metabolism ( Figure  1 ) were investigated by Western blot in the P. major muscle in 3 of the 4 treatments under study [i.e., LL fed the CP− diet (LL/CP−) and CP+ diet (LL/CP+) and FL fed the CP− diet (FL/CP−)]. The results were expressed as the amount relative to vinculin chosen as the reference protein. Quantitative analysis by Western blot revealed no significant difference in AMPKα1 protein content between treatments (Figure 2A) . Conversely, the phosphorylation level of the α-subunit of AMPK on the Thr 172 residue was about 40% greater (P < 0.01) in the muscle of LL/CP− compared with that of FL/CP− and LL/CP+. Differences between treatments were not significant when expressed in relation to AMPKα1 protein content despite the phosphorylation level of the α-subunit of AMPK on the Thr 172 residue being about 30% greater in LL/CP− than in the other 2 groups (Figure 2A ). A greater (P < 0.01) phosphorylation level on the Ser 641 residue of GYS was also observed in LL/CP− compared with LL/CP+ and FL/CP−, whereas the GSK3 phosphorylation level on Ser 21/9 was not affected by any treatment ( Figure 2B ). The consequences of dietary protein and genotype on the mTOR/p70S6K/S6 signaling pathway were also evaluated by Western blot. Quantitative analysis revealed decreased (P < 0.05) mTOR protein content in FL/CP− compared with LL/CP+ and LL/CP− chickens ( Figure 3A ). However, the phosphorylation level of mTOR on the Ser 2448 residue, whether related to mTOR protein content or not, was not affected by any treatment. There was no impact of treatment on p70S6K and ribosomal protein S6 content, or on the phosphorylation levels of p70S6K on the Thr 389 or Thr 
DISCUSSION
There is considerable evidence that breast meat quality is highly related to animal growth and body composition in the chicken. This has been demonstrated on genetic models, such as the lean and fat lines used in the present study. As in the present study, Sibut et al. (2008) found that chickens originating from LL exhibited breast meat with higher pHu, darker color, and decreased drip loss compared with FL chickens. The differences between FL and LL observed for meat quality were related to differences in muscle glycogen content at death, estimated through the measurement of muscle GP, which were greater in FL. These results were consistent with several studies that suggested that water-holding ability and color of breast meat in poultry improved as carcass leanness and breast meat yield increased (Berri et al., , 2007 ). The differences in muscle glycogen and re- NS = not significant; *P < 0.05; **P < 0.01; ***P < 0.001. lated meat traits (pHu, L*, drip loss) observed between male and female chickens in the present study could be related to differences in carcass adiposity. The females exhibited both greater abdominal fat yield and greater glycogen content in P. major muscle at death than males, resulting in breast meat with lower pHu and greater lightness and drip loss. A possible link between carcass adiposity and breast meat quality is also supported by statistically significant correlation coefficients of −0.28 for male and of −0.24 for female between abdominal fatness and P. major pHu. As already reported by Alleman et al. (2000) , both FL and LL fed a high-protein diet were characterized by increased BW, decreased abdominal fatness, and increased breast meat yield compared with birds given a low-protein diet. Such effects on BW and yield were consistent with many studies carried out on commercial breeds showing that increasing dietary CP generally led to less fatty broilers with greater BW gain and breast meat yield (Fancher and Jensen, 1989a,b; Morris and Njuru, 1990; Deschepper and De Groote, 1995; Bartov and Plavnik, 1998; Temim et al., 2000; Widyaratne and Drew, 2011) . Unlike BW and yield, which were similarly affected by dietary CP content in both FL and LL lines, muscle glycogen and breast meat quality were only affected by dietary CP content in LL. In the latter line, reducing dietary CP from 23 to 17% resulted in breast meat with decreased glycogen content, higher pHu, darker color, and reduced drip loss. Similar effects of CP on meat pHu and lightness have recently been reported in 2 commercial broiler breeds (Yalçin et al., 2010) . Except for this study and a former study that showed that increasing dietary lysine enhanced yield and pHu, and reduced drip loss of breast meat during storage , the impact of diet on chicken meat traits related to pHu and variations in muscle glycogen have received little attention. Several studies have attempted to modulate muscle glycogen storage and meat traits in pigs through finishing feeding programs. Indeed, it is possible to decrease muscle glycogen content in the pig at the time of slaughter by feeding diets low in available carbohydrates, resulting in positive effects on meat color and water-holding capacity (Rosenvold et al., 2001 (Rosenvold et al., , 2002 (Rosenvold et al., , 2003 Bee et al., 2006) . Bee et al. (2006) reported that the effect of such diet to reduce glycogen depends on muscle type, the light part of semitendinosus being more responsive than LM. Leheska et al. (2002) failed to detect an effect of feeding finishing swine a high-protein/low-carbohydrate on meat water-holding capacity. However, in the 2 GP = glycolytic potential; pHu = pH measured 24 h postmortem; L* = lightness; a* = redness. NS = not significant; **P < 0.01; ***P < 0.001. Table 4 . Pearson correlations between pectoralis major muscle glycolytic potential, ultimate pH, and breast meat quality measurements in the fat and lean chicken lines Functions of proteins studied in the regulation of muscle glycogen and protein synthesis. AMPK = adenosine monophosphateactivated protein kinase; GSK3 = glycogen synthase kinase; GYS = glycogen synthase; mTOR = mammalian target of rapamycin; p70S6K = p70S6 kinase; S6 = ribosomal protein S6. latter study, pigs had access to the diet for only 2 to 14 d before slaughter, whereas in the other studies experimental finishing diets were given for a longer period (3 wk before slaughter). Moreover, in the Leheska et al. (2002) study, there were considerable differences in ME and feed intake between the control and high-protein diet. This resulted in impaired rates of BW gain and feed efficiency in pigs fed the high-protein/low-carbohydrate diet, which could partly explain the lack of diet effect on pork muscle quality.
In the present study, the CP+ and CP− diets were isoenergetic, and our results indicate that increasing the protein to carbohydrate ratio from 0.34 (CP−) to 0.6 (CP+) and the fat to carbohydrate ratio from 0.14 to 0.19 promotes AA use for protein accretion and energy storage as glycogen in the muscle rather than lipid deposition. This is consistent with several studies that showed that lipogenesis was impaired by high-fat/ low-carbohydrate diets (Donaldson, 1985; Saadoun and Leclercq, 1987; Bradley et al., 1996; Rosebrough et al., 1999) . On the other hand, the reason why FL exhibited larger amounts of glycogen in muscle than LL when fed the CP− diet might be related to their greater ability to use AA for energy production as fat (Hermier et al., 1989; Pesti et al., 1994) and probably muscle carbohydrate instead of protein synthesis.
At a molecular level, the differences in muscle glycogen content observed between treatments corresponded to differences in the phosphorylation levels of 2 major enzymes involved in glycogen turnover: the α-catalytic subunit of AMPK and GYS, which were more phosphorylated in the muscles of LL/CP− (less rich in glycogen) than in those of LL/CP+ and FL/CP−. As in mammals, chicken muscle glycogen metabolism partly results from the activity of GYS and glycogen phosphorylase. Activation of the AMPK complex stimulates glycogen phosphorylase and inhibits GYS by phosphorylation, resulting in decreased muscle glycogen storage (Carling and Hardie, 1989; Longnus et al., 2003; Jør-gensen et al., 2004; Miyamoto et al., 2007) . The greater content of AMPK and GYS phosphorylation observed in LL/CP− is therefore consistent with decreased muscle glycogen content and suggest a potential role for AMPK in modulating chicken muscle metabolism postmortem through its inhibiting effects on GYS. Glycogen phosphorylase is also under the control of GSK3, but we failed to detect any regulation of this kinase in relation to variations in muscle glycogen content. Glycogen synthase kinase 3 is mainly inhibited by the phosphatidylinositol 3-kinase/protein kinase B pathway, which is part of insulin signal transduction (Sugden et al., 2008) , whereas AMPK is an energy sensor responding principally to the AMP to ATP ratio variation, as well as to energy status of muscle (Jørgensen et al., 2006) . This could explain the lack of common regulation between GSK3 and AMPK, especially because the mTOR/S6K pathway, which also phosphorylates GSK3, was not affected by treatment in the current study. The postmortem control of glycolysis by AMPK was first evidenced in pig muscle through the discovery of a mutation of the AMPKγ3 subunit responsible for a 70% increase in muscle glycogen and the production of meat characterized by low pHu, reduced waterholding capacity, and poor processing ability (Milan et al., 2000; Andersson, 2003) . The involvement of AMPK activation in modulating glycogen and postmortem metabolism in the muscle was also evidenced in several studies in the mouse Shen et al., , 2008 , pig (Shen et al., 2006a (Shen et al., ,b, 2007 , and more recently, in chicken (Sibut et al., 2008) . In this last study, AMPK activation was markedly greater in the P. major muscle of LL than in that of FL chickens. According to the present results, modulating AMPK activation in chicken muscle by nutrition is also possible, with consequences on glycogen turnover and final pH of the meat. Indeed, feeding a high-protein diet to LL chicken resulted in decreased AMPK and reduced GYS phosphorylation, and consequently increased muscle glycogen content and breast meat with low pH. In mice, dietary α-lipoic acid, which is a strong antioxidant that exists in foods, also inhibits AMPK activity in skeletal muscle (Kim et al., 2004) and results in increased pH values postmortem . In this last study, α-lipoic acid supplementation also decreased ADFI, growth, and body fat accumulation, whereas in the study reported here, feeding a high-protein diet to LL chickens increased BW and decreased abdominal fat deposition without affecting ADFI. These differences suggest that the consequences of modulating AMPK phosphorylation through nutrition might depend on species, genotype (present study), and general animal metabolism, with different effects on feed intake, energy storage as fat or carbohydrate, and growth rate.
Moreover, because the AMPK complex is also involved in the control of protein turnover, and therefore muscle growth (Bolster et al., 2002; Cheng et al., 2004; Koopman et al., 2006) , regulation of the mTOR/p70S6K/ S6 signaling pathway was explored. The mTOR activation by phosphorylation was not affected by genotype or nutrition. Moreover, no effect of treatment was observed on mTOR target p70S6K or on ribosomal S6 protein that mediates mRNA translation into proteins in muscle, suggesting that the AMPK signaling pathway could affect glycogen turnover without drastically altering the mRNA translation process. Interestingly, the mTOR protein was more abundant in LL, whether fed CP+ or CP−, than in FL. Increased mTOR mRNA expression has been observed in rat skeletal muscle concomitantly with increased fractional protein synthesis rate (Luo et al., 2010) . Similarly, mTOR heterozygous mice that express reduced amounts of mTOR also exhibit decreased lean mass and muscle protein synthesis compared with wild mice (Lang et al., 2010) .
By comparing 2 lines of chicken divergently selected for abdominal fatness and given diets differing in protein content, we found that muscle glycogen and breast meat quality traits can be efficiently modulated by nutrition, at least in the lean genotype. Molecular inves- tigations strongly suggested that the greater levels of phosphorylation of the AMPK complex (as evidenced by pAMPKα) in the lean genotype fed the low-protein diet might trigger a decreased rate of glycogen synthesis by inactivating GYS activity, and thus resulting in a decreased muscle glycogen at death and increased pHu of the meat. Our results confirm that AMPK can be a target to control muscle metabolism postmortem and meat quality in chickens while demonstrating that it is essential to understand how diet composition affects intermediate metabolism and energy distribution in the body.
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